Abstract-This paper proposes a method to design a stabilizing Robust non-fragile control of uncertain polynomial systems. Based on a quadratic Lyapunov Function, a sufficient stabilization conditions are proposed. An LMI-based optimization problem is then derived for computing the state feedback gains of the closed-loop system with maximization of the stability robustness bound. The effectiveness of the proposed robust control scheme is illustrated through numerical simulations on a numerical example.
I. INTRODUCTION
Robustness of control systems to uncertainties which are included in both the system matrix and the input one has been the major issue in the feedback control and therefore a large number of robust controller design methods have been presented. An implicit assumption that is inherent to those control methodologies is that the controller is designed to be implemented precisely. However, it is generally known that the controller implementation is subject to imprecision inherent in analogic-digital and digital-analogic conversion, finite resolution measuring instruments and round off errors in numerical computation. From this viewpoint, the paper [1] presented some examples to show that small perturbations in the coefficients of the controller designed by using robust H 2 , H ∞ and µ approaches can destabilize the closed-loop control system. Therefore, it is necessary that any controller should be able to tolerate some uncertainty in parameters. For uncertain linear continuous-time systems, and specially after the publication of [1] , the subject of fragility and the performance debasement of the closed loop system due to inaccuracies in controller implementation has deserved more attention [2, 3, 4, 5, 6] . Within the framework of non-fragile robust control, the paper [2] describes the synthesis of robust and non-fragile H ∞ state feedback controllers for linear varying systems with time delay and affine parameter uncertainties, as well as static state feedback controller with structural uncertainty. However, Kim and Oh [3] multiplicative uncertainty. In a recent paper, Yang and Feng [4] dealt with the problem on the design problem of robust non-fragile H ∞ state-feedback controller for singular system with varying delays and uncertainties. Also, Kim and al. [5] in this paper, described the synthesis of robust and non-fragile H ∞ state feedback controllers for linear systems with affine parameter uncertainties, as well as a static state feedback controller with polytopic uncertainty. And Suzuki and al. [6] proposed a robust H ∞ non-fragile control for uncertain descriptor delay systems and a control design of H ∞ controllers that guarantee non-impulse and regularity is proposed. Note that, considering nonlinear systems increases the difficulties to solve the non-fragile control. However, so far the design problem of robust non-fragile controllers for nonlinear systems with uncertainties has not been discussed. In this paper, we propose to synthesize a robust non-fragile controller stabilizing nonlinear polynomial systems. The robust control strategy was based on quadratic Lyapunov method and LMI approach to guarantee the global asymptotic stability of the uncertain controlled system with upper bound maximization of the structured uncertainties. This paper is organized as follows. In Section 2, notation and useful lemmas used throughout this paper are presented. In Section 3, we introduce the stability condition of nonlinear polynomial uncertain systems. Section 4 presents the proposed Robust non-fragile stabilization condition of polynomial systems. In section 5 the LMI formulation of the robust non-fragile stabilizing control synthesis is presented. Finally, illustrative example is included to illustrate the effectiveness of the proposed methods in this paper.
II. MATHEMATICAL NOTATIONS AND USEFUL LEMMAS
We use standard notations throughout this paper. R n denotes the n-dimensional Euclidean space R n×m is the set of all real n × m matrices and ⊗ is the symbol of the Kronecker product [7] . 0 n×m : n × m zero matrix, 0 : zero matrix of convenient dimension, A T is the transpose of matrix A, A > 0 (A ≥ 0) is the symmetric positive definite (semi-definite) matrix. For a polynomial vectorial function:
(1) U.S. Government work not protected by U.S. copyright where X ∈ R n and A i are (n × n i ) constant matrices, we define [8] the (υ × υ) matrix M (a) as:
. . .
where A i k is the i th row of the matrix A k Furthermore, to propose LMI conditions for robust non-fragile control, the following lemmas are needed to put the further provided conditions into LMI.
Lemma 1 [7] : For given constant real symmetric matrix Q, the following inequalities are equivalents.
Lemma 2 [9] : For real matrices X, Y and S = S T > 0 with appropriate dimensions and a positive constant γ the following inequalities hold:
III. THE GLOBAL STABILIZATION CONDITION OF POLYNOMIAL SYSTEMS
Consider the following polynomial dynamic system:
where f (X) is a polynomial vectorial function of X.
with X = [x 1 , . . . , x n ] ∈ R n is the state vector.
is the k-th Kronecker power of the vector X defined as :
m is the input control vector and B is a constant (n × m) control matrix. The considered polynomial control law is described by:
Using a quadratic Lyapunov function V (X) = X T P X sufficient condition of the global asymptotic stabilization of the polynomial system is given as [10] : The nonlinear polynomial system defined by the equation (5) is globally stabilized by the control law (8), if there exist
• an (n × n) symmetric positive definite matrix P • arbitrary parameters µ i,i=1,...,β ∈ R • gain matrices K k,k=1,...,r Such that the (η × η) symmetric matrix Q defined by:
is negative definite. where
IV. THE PROPOSED ROBUST NON-FRAGILE STABILIZATION CONDITION OF POLYNOMIAL SYSTEMS
In this work, we take into account both uncertainties in the controller structure and in the system structure. The considered system is then described by:
are the matrices of parametric uncertainties. -K k,k=1,...,r are constant gains matrices which stabilizes asymptotically and globally the equilibrium (X = 0) of the considered system. -∆K k,k=1,...,r are the matrices of parametric uncertainties.
Note that the structure of the uncertain parameters matrix is given as follows:
and
∆A k and ∆K k present the additive uncertainties with E kj ∈ R n×n and S kj ∈ R n×n are constant known matrices and ε kj,k=1,...,ñ k denotes the unknown real parameters. Then, the controlled uncertain system (10) is described by the following state space:
where
Using the global stabilization condition (9), lead to the following stabilization condition: The nonlinear polynomial system defined by the equations (13) and (14) is globally stabilized by the control law:
if there exist
with: Γ ik = M (∆f ik ) and ∆f ik = E ik X [i] and:
So, the inequality (16) can be written:
Therefore, our purpose in this work is to find a same bound noted of uncertainties parameters ε ik (|ε ik | < ) such that the perturbed control system (13) and (14) remains asymptotically stable. Thus the control problem we intend to solve can be summarized as follows:
We look for a symmetric positive definite matrix P = P T the stabilizing gain K k and the maximum bound such that :
• The global stability of the nominal nonlinear polynomial system (without uncertainties) is ensured, and • The stability of the controlled perturbed system is ensured for a maximum bound of uncertainties affecting the system parameters and the control gains.
V. LMI FORMULATION OF THE ROBUST NON-FRAGILE STABILIZING CONTROL SYNTHESIS
The optimization problem presented in the last section can be cast in terms of convex problems with Linear Matrix Inequalities. We are looking for a matrix P , gains K i and real parameters µ i that maximize the robustness measure such that:
If we assume that:
So, the inequality (21) is verified if:
The inequalites (24) are equivalent to:
with
The development of the first inequality of (25), according to the lemma 2 leads to the existence of a positive scalar δ > 0 such as:
By using the Schur complement (lemma 1) and for δ = 1 , we obtain :
(34) However, the second inequality of the system (25) can be written as follows:
(37) So, the main result of robust non-fragile control synthesis is defined by the following theorem Theorem 1: The equilibrium (X = 0) of the polynomial uncertain closed loop system (13) is globally asymptotically stable.
The proposed robust control strategy is based on LMIs which makes the computation of the controller parameters and the upper bound of the uncertainties easier.
VI. ILLUSTRATIVE EXAMPLE
To show the effectiveness of the proposed robust non-fragile control method, a numerical example is presented in this section. So we consider a nonlinear uncertain system described by :
(38) The polynomial development of the system (38) leads to :
where : The controlled system (38) with a polynomial control law is globally asymptotically stable for all uncertainty parameters such that:
The controlled system with the obtained control law was simulated for a perturbation of 50% on the state variables and parametric perturbations on both system parameters and control gains corresponding to values of ε kj = 0.3. Figures 1 and 2 present the state trajectories of the both nominal and perturbed polynomial system with the proposed nonlinear controller. The simulation depicted in figure 3 presents the evolution of the performed feedback robust non-fragile stabilizing controller. From the simulation results, it seems that the proposed controller is robust against disturbances and show good performances on the dynamic of uncertain controlled system.
VII. CONCLUSION
This paper discusses robust non-fragile control problem of a class of nonlinear systems. The robust control strategy was based on quadratic Lyapunov method and LMI approach to guarantee the global asymptotic stability of the uncertain controlled system with maximization of the upper bound of all structured uncertainties. We note that the resolution of the proposed optimization problem (LMI-GEVP) permits one compute the control gain matrices and the robustness measure. Hence, it has been shown from the simulation results that the proposed robust non-fragile controller is efficient and permits the rapid stabilization of the global uncertain system, the maximization of the uncertainties domains and a guarantee of the desired performances despite the both perturbation on the system parameters and control gains.
